We recently identified 3 -hydroxy -3 -methylglutaryl coenzyme A ( HMG -CoA ) reductase, the rate -limiting enzyme of the mevalonate pathway, as a potential therapeutic target of the head and neck squamous cell carcinomas ( HNSCC ) and cervical carcinomas ( CC ). The products of this complex biochemical pathway, including de novo cholesterol, are vital for a variety of key cellular functions affecting membrane integrity, cell signaling, protein synthesis, and cell cycle progression. Lovastatin, a specific inhibitor of HMG -CoA reductase, induces a pronounced apoptotic response in a specific subset of tumor types, including HNSCC and CC. The mediators of this response are not well established. Identification of differentially expressed genes represents a feasible approach to delineate these mediators as lovastatin has the potential to modulate transcription indirectly by perturbing levels of sterols and other mevalonate metabolites. Expression analysis following treatment of the HNSCC cell lines SCC9 or SCC25 with 10 mM lovastatin for 1 day showed that less than 2% ( 9 cDNAs ) of the 588 cDNAs on this microarray were affected in both cell lines. These included diazepam -binding inhibitor / acyl -CoA -binding protein, the activated transcription factor 4 and rhoA. Because the biosynthesis of mevalonate leads to its incorporation into more than a dozen classes of end products, their role in lovastatin -induced apoptosis was also evaluated. Addition of the metabolites of all the major branches of the mevalonate pathway indicated that only the nonsterol moiety, geranylgeranyl pyrophosphate ( GGPP ), significantly inhibited the apoptotic effects of lovastatin in HNSCC and CC cells. Because rhoA requires GGPP for its function, this links the microarray and biochemical data and identifies rhoA as a potential mediator of the anticancer properties of lovastatin. Our data suggest that the depletion of nonsterol mevalonate metabolites, particularly GGPP, can be potential mediators of lovastatin -induced apoptosis of HNSCC and CC cells.
Introduction
Cellular processes that contribute to neoplastic transformation include deregulation of proliferation, differentiation, cell survival signaling, and apoptosis [ 13, 15, 24 ] . Agents that can target these pathways and induce an apoptotic or a programmed cell death response of malignant cells are potential anticancer therapeutic approaches [ 15, 24, 33 ] . The clinical utility of such modulators, however, has been limited due to toxicity and lack of specificity [ 27, 33 ] . Refinements in target identification and validation may uncover agents with greater therapeutic potential. Using differential expression methodologies, we recently identified the enzyme 3 -hydroxy -3 -methylglutaryl coenzyme A ( HMG -CoA ) reductase, the rate -limiting enzyme of the mevalonate pathway, as a potential anticancer therapeutic target [ 7, 10 ] . Inhibition of enzyme function elicited a potent apoptotic response in a specific subset of human cancers [ 7, 10 ] .
Mevalonate is a critical component of a complex biochemical pathway whose products are vital for a variety of key cellular functions including membrane integrity, cell signaling, protein synthesis, and cell cycle progression [ 17 ] . The diverse array of critical metabolic end products of this pathway, which includes de novo cholesterol, strongly suggests that physiological regulation of HMG -CoA reductase is essential for the maintenance of cellular homeostasis [ 17 ] . Lovastatin is a specific, nonreversible competitive inhibitor of HMG -CoA reductase [ 4, 19, 40 ] , whose ability to block this critical metabolic pathway has led to its extensive clinical use as a treatment for hypercholesterolemia [ 4, 19, 40 ] . Based on our original observations that targeting HMG -CoA reductase induced a potent apoptotic response in neuroblastoma and acute myeloid leukemia cells, we evaluated the sensitivity of a variety of tumor cell lines to lovastatin -induced apoptosis [ 6, 9 ] . Included in this survey were a variety of cancer types that had not yet been adequately tested for their response to lovastatin exposure.
Our data showed an increased sensitivity to lovastatininduced apoptosis in a number of tumor types, including head and neck squamous cell carcinomas ( HNSCC ) and cervical carcinomas ( CC ), at therapeutically achievable levels of this drug [ 6, 9 ] . Based on these data, we believe that lovastatin may represent a novel therapeutic approach in HNSCC and CC and a Phase I trial evaluating the potential of lovastatin in the treatment of recurrent metastatic HNSCC and CC patients is currently underway at this Institute ( Princess Margaret Hospital, Toronto, Ontario, Canada ).
The mechanism and mediators of lovastatin -induced apoptosis of squamous cell carcinomas cells are currently unknown. Identification of these mediators may have clinical relevance by potentially uncovering predictors of response to this agent or novel therapeutic targets. In this study, we identified differentially expressed genes coincident with lovastatin treatment in HNSCC cell lines in an attempt to delineate the mechanism of its anticancer properties. Previous work, including our own, has clearly demonstrated that the identification of differentially expressed genes represents a feasible approach for elucidating mediators of the effects of various anticancer agents [ 3, 5, 7, 10, 20 ] . In this study, we used the Clontech Atlas Human Cancer Membrane Array spotted with 588 cancer -related cDNAs to identify lovastatin -regulated genes in two HNSCC -derived cell lines. We identified nine cDNAs that were modulated by lovastatin in both HNSCC cell lines, representing less than 2% of the cDNAs tested.
Because the biosynthesis of mevalonate leads to its incorporation into more than a dozen classes of end products that are vital for a variety of critical cellular functions [ 17 ] , their role in lovastatin -induced apoptosis was also evaluated. Addition of the metabolites of all the major branches of the mevalonate pathway to determine which can modulate the apoptotic effects of lovastatin in HNSCC and CC cells may elucidate lovastatin mechanisms of action. We used this approach to identify potential mediators of the apoptotic effects of lovastatin in HNSCC and CC.
Materials and Methods

Tissue Culture
The HNSCC cell lines SCC9 and SCC25, the CC cell line SIHA, and the nontransformed monkey kidney cell line cos -7 were obtained from the American Tissue Culture Collection ( Rockville, MD ). The cell lines SCC9 and SCC25 were maintained in Dulbecco's MEM, and the SIHA and cos -7 cell lines in alpha -MEM ( Princess Margaret Hospital Media Services ) supplemented with 10% fetal bovine serum ( Sigma, St. Louis, MO ). The establishment of cos -7 cells constitutively expressing activated sterol response elementbinding protein ( SREBP ) was performed by transfection using Effectene ( Qiagen, Mississauga, Ontario, Canada ) following the manufacturer's protocol. The expression plasmid containing the human SREBP -1a cDNA amino acids 1 to 487 or an empty vector control were provided and described by Dr. J. V. Swinnen ( Catholic University of Leuven, Leuven, Belgium ) [ 37 ] . Cells were exposed to solvent control or to 0 to 50 M lovastatin ( generously provided by Merck Research Laboratories, Rahway, NJ and diluted from a 10 mM stock in ethanol prepared as previously described [ 10 ] ). The addback experiments utilized mevalonate, cholesterol, squalene, ubiquinone, farnesyl pyrophosphate ( FPP ), and geranylgeranyl pyrophosphate ( GGPP ) ( all purchased from Sigma ) as previously described [ 43 ] .
cDNA Expression Microarray Blots
Total RNA was isolated from both SCC9 and SCC25 cell lines treated with solvent control or 10 M lovastatin for 24 hours using the RNeasy kit ( Qiagen, Valencia, CA ) according to the manufacturer's instructions. cDNA were synthesized using the CDS primer mix ( Clontech Laboratories, Palo Alto, CA ) in the presence of 32 P dCTP ( final probe concentration of $0.5 -1Â10 6 cpm / ml ) and hybridized to the Atlas Human Cancer Array ( cat no. 7742 -1; Clontech Laboratories ) as per manufacturer's instructions and previously published reports [ 31, 34 ] . After the posthybridization washes in a solution of SSC and SDS ( 2Â SSC, 1% SDS )Â3 ( 0.1Â SSX, 0.5% SDS )Â2, the blots were exposed to Kodak Biomax MS X -ray film at À 708C for varying lengths of time to achieve optimal signal discrimination. Minus symbols ( '' À '' ) denote downregulated expression using the same criteria as above. Only genes whose expression was altered in both the SCC9 and SCC25 cell lines were included as differentially expressed.
Luciferase Promoter Activity Assay SCC9, SCC25, and cos -7 cells were seeded in 35 -mm dishes at a density of 5Â10 5 cells. The cells were incubated overnight to allow for cell attachment and recovery. The cell cultures were then transfected using 0.5 g of the indicated luciferase plasmid construct and 0.5 g of a -galactosidase reporter construct using Effectene ( Qiagen, Mississauga, Ontario, Canada ) following the manufacturer's method. The diazepam -binding inhibitor ( DBI ), HMG -CoA reductase, and the HMG -CoA synthase promoter luciferase constructs were kindly provided by Dr. J. V. Swinnen ( Catholic University of Leuven ) [ 36, 37 ] . The activated transcription factor ( ATF ) consensus luciferase construct was kindly provided by Dr. T. Hai ( Ohio State University, Columbus, OH ) [ 18, 28 ] . The cells were then treated for 24 hours as indicated and harvested in 200 l of reporter lysis buffer ( Promega, Nepean, Ontario, Canada ). Aliquots of 10 l were assayed for luciferase activity using the luciferase assay reporter kit from Promega and a Turner 20 / 20 tube luminometer. The activity of -galactosidase was used to normalize the transfection efficiencies.
MTT Assay
In a 96 -well flat bottom plate ( Nunc, Naperville, IL ), approximately 5000 cells per 150 l of cell suspension was used to seed each well. The cells were incubated overnight to allow for cell attachment and recovery. Following 2 days of treatment, 50 l of 5 mg / ml MTT tetrazolium substrate ( ICN, Toronto, Ontario, Canada ) solution in phosphate -buffered saline was added and incubated for 6 hours at 378C. The resulting violet formazan precipitate was solubilized by addition of 100 l of a 0.01 M HCl / 10% SDS ( Sigma ) solution shaking overnight at 378C. The plates were then analyzed on an SLT Labinstruments 340 ATTC ELISA plate reader at 450 nm to determine the optical density of the samples.
Western Blot Analysis
Total cellular protein was extracted using a buffer that consisted of 1% NP40 ( Sigma ), 0.5% sodium deoxycholate ( Sigma ), 0.1% SDS ( Sigma ), 10 mg / ml leupeptin, and 2 trypsin inhibitory units / ml aprotinin ( Sigma ) in 2Â PBS. Approximately 200 l of extraction buffer was used to treat 10 6 cells. Total protein was quantified with the Biorad Protein Assay using bovine serum albumin ( Sigma ) as standard. Protein extracts representing 20 g of total protein from the cell lines and their treatments were separated on a 10% SDS -PAGE gel and electrophoretically transferred onto PVDF membranes ( Millipore, Toronto, Ontario, Canada ). Membranes were blocked in 5% skim milk powder in PBS overnight at 408C. Primary antibody, diluted in 10% FBS in PBS, was incubated with the membrane for 1 hour at room temperature. The antibodies used were specific for rhoA ( Santa Cruz Biotechnology, Santa Cruz, CA ) and actin ( Sigma ). The secondary antibodies ( Amersham ) were applied at a 1:5000 dilution in 3% BSA, 10% FBS in PBS, and incubated for 1 hour at room temperature [ washes following antibody incubations are 3Â5 minutes in PBS / 0.05% Tween 80 ( Sigma ) then processed for chemiluminescent detection ( Amersham ) ]. After the desired exposure was obtained, the membrane was stained with Coomassie Blue ( Sigma ) to ensure equal loading of the samples.
Phalloidin Staining
In a four -well Labtek Chamber slide ( Nunc ), approximately 10,000 cells in a 1 -ml suspension was used to seed each well. The cells were incubated overnight to allow for cell attachment and recovery. Following 24 hours of treatment, the cells were washed twice with PBS and fixed for 5 minutes in 1.5% neutral buffered formalin ( Sigma ) at room temperature. The cells were then permeabilized using 0.1% Triton X -100 ( Sigma ) in PBS for 15 minutes. After two washes in PBS, the cells were incubated with FITC -conjugated phalloidin ( Sigma ) ( 1 g / ml in PBS ) for 15 minutes at room temperature. After two washes in PBS, the slides were mounted with a DAPI containing immunofluorescent mounting media ( Vector Laboratories, San Diego, CA ) and viewed by immunofluorescent microscopy.
Results
Microarray Analysis of Lovastatin Treatment in HNSCC Cell Lines
The cellular concentrations of mevalonate metabolites, which include de novo cholesterol, dolichol, ubiquinone, FPP, and GGPP ( Figure 1 ), can affect the activity of various transcription factors [ 17 ] . For example, lower cholesterol levels can activate SREBP that binds sterol response elements ( SRE ) located in the promoters of various genes affecting their transcription [ 12, 35 ] . The posttranslational modifications of a number of signaling proteins through the addition of the isoprenoid moieties farnesyl and geranylgeranyl are critical to their function, including their effects on transcriptional regulation [ 16, 17, 33 ] . Due to the potential of lovastatin to modulate transcription through the depletion of mevalonate products, we evaluated the effects of this drug on the expression of a wide range of genes using microarray analysis.
In this study, the HNSCC -derived cell lines SCC9 and SCC25 were treated with solvent control and 10 M lovastatin for 24 hours. These conditions are prior to the onset of overt apoptosis that is triggered by lovastatin in these cell line models [ 9 ] . This response is dose -and timedependent and the above conditions were thus specifically used to identify potential triggers of lovastatin -induced apoptosis [ 9, 10 ] . Total RNA was extracted from treated cells and relative expression data of 588 genes were generated using the Clontech Atlas array system [ 31, 34 ] ( Figure 2A ) . Of the 588 genes examined, only nine showed significant differences between control and lovastatintreated cells ( Figure 2B ). These differences included genes involved in the ras signaling cascade [ rhoA [ 2 ] , extracellular signal -regulated kinase 1 ( ERK1 ) [ 30 ] ], growth regulation ( insulin -like growth factor -binding protein 3 [ 21 ] , cdc25B [ 11, 26 ] ), transcription factors [ ATF -4 [ 18 ] , basic transcriptional element -binding protein 2 ( BTEB2 ) [ 42 ] ], calcium regulation [ calgranulin, migration inhibitory factor ( MIF ) - related protein [ 22, 23 ] ] and metabolism ( DBI [ 36, 37 ] ). Of interest, DBI is a known SREBP -regulated gene [ 36, 37 ] and the ATF family of transcription factors regulates the expression of a large number of genes involved in cell growth, differentiation, and homeostasis. Furthermore, a member of this family is also released from the endoplasmic reticulum by the same protease that cleaves SREBP [ 18 ] . This potential mechanistic link was further evaluated.
Promoter Analysis of DBI and the ATF Consensus Sequence
To evaluate the effects of lovastatin on DBI expression and the ability of lovastatin to regulate ATF target genes, we used a luciferase -based promoter assay. The DBI promoter [ 36, 37 ] and a plasmid construct that contained the consensus -binding site for the ATF family of transcription factors were used [ 18, 28 ] . Using both constructs, lovastatin induced three -to four -fold increases in expression from these promoters in both the SCC9 and SCC25 cell lines ( Figure 3 ) . These results confirm DBI as a target of lovastatin exposure, but also demonstrate that ATF target genes may be regulated and play a role in the biological effects of targeting HMG -CoA reductase in these cells.
To further evaluate the effect of lovastatin on the expression of DBI and ATF target genes, we evaluated lovastatin's effects on these promoters in the nontransformed monkey kidney cell line cos -7. In this model, we confirmed that two mevalonate pathway enzymes that are known to be regulated by lovastatin through SREBP, HMGCoA synthase, and HMG -CoA reductase [ 37 ] show threeto six -fold induction with lovastatin, whereas the thymidine kinase ( TK ) promoter was not affected ( Figure 4A ). To establish the role of SREBP in these responses and to evaluate its potential role on the effects of lovastatin on the DBI promoter and the ATF consensus promoter constructs, we constitutively expressed the activated form of SREBP in Figure 6 . The effect of adding back mevalonate, cholesterol, or squalene on the cytotoxic effects of lovastatin in the CC cell line SIHA and the HNSCC cell lines SCC9 and SCC25. Cell viability was assessed using the MTT assay. Cultures were treated with solvent control, lovastatin at its predetermined LD 50 ( SIHA 15 M; SCC9 50 M; SCC25 35 M ), and increasing concentrations of mevalonate ( top row ), cholesterol ( middle row ), and squalene ( bottom row ) for 48 hours.
the in the cos -7 cell line. As expected, the expression of activated SREBP resulted in elevated basal expression of both HMG -CoA synthase and HMG -CoA reductase, but the minimal TK promoter that lacks an SRE was unaffected compared to empty vector transfection control ( Figure 4B ). These results demonstrated that activated SREBP expressed in cos -7 cells was functional.
For the DBI promoter, we evaluated the effects of lovastatin in cos -7 cells, with a DBI promoter construct that lacked its SRE and in cos -7 cells constitutively expressing active SREBP. The DBI promoter exhibited similar but more pronounced effects to the HNSCC cell lines with a 5 -to 12 -fold activation in response to treatment with 10 M lovastatin for 24 hours ( Figure 5A ). Deletion of the SRE within this promoter construct abrogated this induction ( Figure 5A ). Overexpression of activated SREBP muted the induction elicited by lovastatin as well ( Figure 5A ) , and taken together, these results indicate that SREBP was modulating the response of the DBI promoter to lovastatin treatment.
For the ATF consensus promoter construct, we evaluated the effects of lovastatin in cos -7 cells and in cos -7 cells constitutively expressing active SREBP. The ATF consensus promoter in cos -7 cells showed similar results to the HNSCC cell lines with a three -to four -fold induction following lovastatin exposure ( Figure 5B ). The ATF consensus promoter, in contrast to the DBI promoter, does not possess an SRE and was not affected by SREBP overexpression ( Figure 5B ). These results indicate that the potential effects of lovastatin on the expression of ATF target genes are not dependent on SREBP activation but upon the activation of the ATF family of transcription factors.
Biochemical Analysis of Lovastatin -Induced Apoptosis
The cytotoxic effects of lovastatin and the inhibition of this cytotoxicity by the various products of the mevalonate pathway were evaluated using the MTT assay. We used the HNSCC cell lines SCC9 and SCC25 and the CC cell line SIHA. SIHA was included in this study as an alternative SCC derived from a different tissue site. The cell lines were treated with solvent control, a concentration of lovastatin that gave a 50% lethal dose [ 9 ] , and a combination of lovastatin with increasing concentrations of the mevalonate metabolites used in this study. In all of the cell lines tested, the cytotoxicity triggered by the 50% lethal dose of lovastatin was inhibited following exposure to mevalonate in a dosedependent manner ( Figure 6 ). The concentration range tested was 2.5 to 100 M and the inhibitory effect was evident at 10 M concentration.
There are a number of end products downstream of mevalonate and it is, therefore, of interest to address which of these components is / are essential for lovastatin -induced cytotoxicity. In the cholesterol biosynthesis pathway, two products, squalene or cholesterol, were added to the culture medium at concentrations between 2.5 and 100 M. These compounds were ineffective in blocking the cytotoxicity induced by lovastatin ( Figure 6 ) . The other mevalonate metabolite tested that had no protective effects on lovastatin -induced cytotoxicity was ubiquinone at concentrations of 1 to 100 M ( Figure 7 ) .
To determine whether protein isoprenylation is critical to the cytotoxic effects of lovastatin, the cell lines were also exposed to solvent control or a broad concentration range of GGPP or FPP. Coincubation with 0.5 to 20 M GGPP blocked the loss of viability caused by lovastatin exposure in a dose -dependent manner. As shown in Figure 7 , this protective effect was detectable at a range of 1.0 to 5.0 M GGPP. Interestingly, at the same concentration range, FPP had only partial protective effects.
RhoA as a Potential Target of Lovastatin -Induced Apoptosis
In our microarray analysis, we identified rhoA as a gene that was potentially regulated by lovastatin. RhoA is a member of the Rho family of small GTPases that regulate actin cytoskeletal reorganization, thereby regulating cell shape and motility [ 2, 14 ] . Rho proteins have been implicated in cancer cell invasion, growth, and survival [ 25, 27 ] , and require the isoprenoid moiety GGPP for their function. GGPP facilitates their membrane localization and transduction of upstream signals [ 27 ] .
Using Western Blot analysis, we confirmed our microarray data for rhoA by demonstrating that protein levels were also upregulated in the SCC9 and SCC25 cell lines ( Figure 8A ) . Furthermore, the addition of mevalonate and GGPP abrogated this response to lovastatin, indicating that the upregulation of rhoA in these SCC cells was the result of GGPP depletion following lovastatin exposure. Lovastatin did not affect the protein levels of actin in either of the cell lines tested using these conditions ( Figure 8A ). Due to the pivotal role of rhoA in regulating actin cytoskeletal organization, we also evaluated the effect of lovastatin on actin organization in treated cells. A fluorescent -conjugated phalloidin that possesses a strong binding affinity to actin was used to visualize actin's cytoskeletal organization. In untreated SCC9 and SIHA cells, actin stained in a filamentous pattern spanning the cell length ( Figure 8B ). Upon treatment with 10 M lovastatin for 24 hours, this staining pattern was dramatically altered with distinct stress fibers forming on the periphery of the cells and disorganized actin in the cytoplasm. This pattern was observed prior to the induction of apoptosis as DAPI -counterstained nuclei did not display nuclear condensation or fragmentation characteristic of apoptosis ( Figure 8B ). These data verify that lovastatin's effect on rhoA expression and function occurred prior to the induction of apoptosis.
Discussion
The conversion of HMG -CoA to mevalonate is catalyzed by HMG -CoA reductase, the rate -limiting enzyme of the mevalonate pathway [ 17 ] . Mevalonate is the precursor of isoprene units incorporated into both sterol and nonsterol compounds such as cholesterol, dolichol, ubiquinone, GGPP, and FPP [ 17 ] . Cholesterol is a component of cellular membrane structure as well as a precursor for biosynthesis of steroid hormones and bile acids [ 17 ] . Dolichol, in its phosphorylated form, works as a carrier molecule of oligosaccharides in N -linked protein glycosylation [ 17 ] . Ubiquinone functions as an electron acceptor in the mitochondrial respiratory chain as well as an antioxidant with an important function in the inhibition of lipid peroxidation [ 17 ] . Farnesyl transferase and geranylgeranyl transferases utilize FPP and GGPP, respectively, for posttranslational isoprenylation of proteins [ 16, 33 ] . The numbers of proteins that are modified by prenylation include ras and many small G proteins such as members of the Rab, Rac, and Rho families [ 16, 32, 33, 38 ] .
Inhibition of the mevalonate pathway by HMG -CoA reductase inhibitors results in depletion of mevalonate, the direct product of the enzyme reaction, and prevents the biosynthesis of downstream products inhibiting sterol synthesis, protein isoprenylation, and disruption of N -glycosylation [ 4, 19 ] . A number of studies, including our own, have demonstrated that the targeting of HMG -CoA reductase leads to a pronounced tumor -specific apoptotic response that may represent a novel therapeutic approach in these cancers [ 1, 6, 9, 10, 29 ] . The mechanism by which depletion of these end products can result in a tumor -specific apoptotic response remains unknown. Because the cellular concentration of many of these products, in particular cholesterol, can affect the transcription of a number of genes by regulating the activity of various transcription factors [ 12, 16, 17 ] , the modulators of the anticancer effects of lovastatin may be mediated by its gene targets. As mevalonate metabolites are involved in respiration, glycosylation, and posttranslational modification of proteins [ 16, 17 ] , the end products of this pathway that may be critical for the apoptotic effects of lovastatin may not involve direct transcriptional regulation of lovastatin -regulated genes.
We used microarray analysis to identify gene expression changes as potential mediators of lovastatin's apoptotic effects. We identified a number of genes that were regulated by lovastatin and further characterized two promoters that were regulated by sterol ( DBI ) and nonsterol ( ATF consensus ) mechanisms and the GGPP -modified small GTPase rhoA. The ATF family of transcription factors, which includes ATF -4, binds to the ATF consensus motif TGACGTCA that is present in many cellular promoters [ 18 ] . This suggests that this family of transcription factors may be involved in the regulation of the expression of multiple genes. To our knowledge, this is the first demonstration that targeting HMG -CoA reductase can potentially result in the regulation of ATF -driven promoters. The ability of lovastatin to activate the ATF consensus promoter through a nonsterol mechanism also suggests that its apoptotic effects may be mediated by nonsterol mevalonate metabolites. Our work indicates that this agent may activate a number of transcriptional regulatory pathways and validates this approach as a feasible method to identify mediators of lovastatin's anticancer effects.
We also evaluated the effect of various mevalonate metabolites on lovastatin's activity. Several studies have shown that mevalonate can rescue lovastatin -induced cell death in a variety of different tumor cells, including acute myeloid leukemias and medulloblastoma cells [ 41, 43 ] . We found that mevalonate inhibited lovastatin -induced cell death in HNSCC and CC cell lines. Taken together, these results demonstrate that the cytotoxic effects of lovastatin are due to its ability to inhibit mevalonate synthesis. Our data clearly show that the depletion of mevalonate is responsible for lovastatin -induced apoptosis in HNSCC and CC cells, suggesting that blocking the production of specific mevalonate derivatives must be involved in this process. Cholesterol biosynthesis is the major metabolic branch in the mevalonate pathway and certain aspects of cholesterol metabolism appear to be relevant to cancer [ 17 ] . However, no protective effects against lovastatin cytotoxicity could be observed from the addition of squalene or cholesterol. These results suggest that the inhibition of cholesterol production is not critical to lovastatin -induced cytotoxicity in these cells.
In addition to cholesterol and squalene, we have also shown that ubiquinone is ineffective in preventing lovastatininduced cytotoxicity in HNSCC and CC cells. It has been reported that ubiquinone supplementation prevents lovastatin -induced myopathy [ 39 ] ; therefore, it may be a useful supplement for those patients unable to tolerate this side effect associated with lovastatin. The failure of these various compounds to overcome the cytotoxicity of lovastatin strongly suggests that other product( s ) of mevalonate are involved in the control of cell survival. Prenylated proteins are posttranslationally modified at or near the carboxyl terminus by formation of cysteine thioethers with the isoprenoid lipid substrates FPP or GGPP [ 33 ] . These include small GTPbinding proteins, such as Ras, Rho, Raf, Rab, Rac, and Rap, that are involved in important cellular functions, such as the regulation of proliferation, signal transduction, intracellular transport, and cell death [ 32, 38 ] . In this the study, we have shown that GGPP inhibited lovastatin -induced cytotoxicity in HNSCC and CC cells, whereas FPP only partially blocked lovastatin's effect.
The reversal of lovastatin -induced apoptosis in HNSCC and CC cells by GGPP is likely due to the replenishment of the intracellular pool of GGPP that is depleted by lovastatin treatment. By contrast, FPP leads only to a partial reversal of lovastatin -induced apoptosis and is likely the result of partial conversion of FPP to GGPP, as FPP is a substrate for other downstream metabolites including GGPP [ 17 ] . Alternatively, proteins that are normally geranylgeranylated may be farnesylated under conditions of intracellular GGPP shortage [ 27 ] . A number of studies have shown that GGPP can reverse the apoptotic effects of lovastatin in various tumorderived cells including acute myeloid leukemias, colon adenocarcinomas, and medulloblastomas [ 1, 8, 29, 41, 43 ] . Our results imply a common mechanism or targets within these tumor types and HNSCC and CC. Furthermore, we identified rhoA as a lovastatin -regulated gene in SCC that requires GGPP modification for its membrane localization and function [ 2, 27 ] . RhoA plays an integral role in actin cytoskeletal organization and regulates cell adhesion, morphology, motility, and invasion [ 2, 14, 25, 27 ] . As such, rhoA has been implicated as a potential regulator of tumor cell invasion, growth, and survival [ 2, 14, 25, 27 ] . Thus, rhoA may play a significant role in the anticancer properties of lovastatin. The identification of nonsterol -mediated gene targets of lovastatin and the GGPP reversal of its apoptotic effects implicate the nonsterol metabolites of mevalonate as mediators of lovastatin -induced apoptosis in HNSCC and CC. Targeting the formation of these nonsterol metabolites or their cellular targets may, therefore, lead to more refined therapeutic approaches.
